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The paper describes some of the characteristic properties of an altered form of pyruvate kinase 
from a mutant of Saccharomyces cerevisiae. The partially purified enzyme does not require fructose 
1,6-bisphosphate for activity but is stabilised in its presence both at low and at high temperatures. 
The enzyme displays in the absence of fructose 1,6-bisphosphate hyperbolic kinetics with phospho- 
enolpyruvate (Km, 0.11 mM), ADP (K,,,, 0.12 mM) and K +  (Km, 11 mM). Sedimentation velocity 
experiments indicate that the mutated enzyme and the wild type enzyme have 3 2 0 , ~  values of 8.9 and 
8.6 S respectively. 
The mutant with the pyruvate kinase insensitive to fructose 1,6-bisphosphate is capable of 
growing on synthetic media with alcohol or malate as the sole carbon source. The steady-state intra- 
cellular levels of phosphoenolpyruvate in the mutant suggest mechanisms that prevent depletion of 
this metabolite despite an active pyruvate kinase. Spontaneous reversion of this mutant yields clones 
with normal enzyme activated by fructose 1,6-bisphosphate. 
Pyruvate kinase of yeast is known to be controlled 
by fructose 1,6-bisphosphate. The enzyme is largely 
inactive in absence of this metabolite unless very 
large amounts of phosphoenolpyruvate are present 
[l]. Fructose 1,6-bisphosphate is said to interact with 
this enzyme allosterically, converting it to a form that 
has more affinity towards phosphoenolpyruvate. The 
intracellular kinetics of fructose 1,6-bisphosphate and 
phosphoenolpyruvate is consistent with this idea [2,3]. 
It has been suggested [4] that the positive control of 
pyruvate kinase by fructose 1,6-bisphosphate provides 
the switching mechanism by which rate-limiting 
amounts of cellular phosphoenolpyruvate could be 
conserved for gluconeogenesis. 
While searching for mutants of yeast lacking 
pyruvate kinase, we came across a mutant that had 
pyruvate kinase but the altered enzyme did not require 
fructose 1,6-bisphosphate for activity. Some of the 
properties of this enzyme have been compared with 
those from the wild type. Besides, we have examined 
the growth behaviour of the mutant bearing the 
altered enzyme under gluconeogenic conditions. This 
report describes some of these experiments. 
MATERIALS AND METHODS 
Strain of Yeast 
A leaky pyruvate kinase mutant was first obtained 
by mutagenising a wild-type prototrophic strain of 
Enzyme. Pyruvate kinase (EC 2.7.1.40) 
Saccharomyces cerevisiae with N-methyl-N'-nitro-N- 
nitrosoguanidine to obtain a glucose-negative, al- 
cohol-positive colony. The procedure was the same 
as described earlier [5]. This mutant, named PK3 had 
low levels of pyruvate kinase activity, approximately 
one-twentieth of that seen in the wild-type strain. It 
was unable to grow on a yeast extract peptone medium 
supplemented with glucose, fructose or mannose ; 
however, it grew on alcohol nearly as well as the wild 
type. Prolonged incubation on solid media containing 
glucose gave rise to a smear of growth. This mutant 
PK3 was plated heavily on a yeast extract peptone 
medium containing glucose; following 10 days of 
incubation at 30" C revertant colonies appeared. 
PK3R121 was one such revertant that grew on 
glucose; it was purified by streaking on plates con- 
taining glucose medium. This strain, called R121 was 
used in this study. The level of pyruvate kinase ac- 
tivity in the mutant R121 was nearly a third to half 
of that of the wild type while the-activity of phospho- 
glucose isomerase was comparable. 
Assay of Enzymes and Substrates 
Pyruvate kinase and other glycolytic enzyme ac- 
tivities were measured either in toluene lysates or 
in cell-free extracts by methods described earlier [6]. 
Since the pyruvate kinase from the mutant R121 did 
not require fructose 1,6-bisphosphate, the reaction 
was started with ADP or in a few cases with pyruvate- 
free phosphoenolpyruvate ; the order of addition of 
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reactants did not make any difference to the observed 
activity. Metabolites were measured in acidified cell- 
extracts following neutralisation [6]. For kinetic 
studies the stock enzyme solution was freed from 
fructose 1,6-bisphosphate by gel filtration on Sephadex 
G25 using a 50 mM potassium phosphate buffer, 
pH 7.4, containing 2 mM 2-mercaptoethanol, 2 mM 
EDTA and 25% glycerol for stabilising the enzyme 
activity. The standard reaction mixture for assaying 
pyruvate kinase consisted of 50 mM triethanolamine 
buffer, pH 7.4, 10 mM MgClz, 50 mM KCl, 1 mM 
each of phosphoenolpyruvate, ADP and fructose 
1,6-bisphosphate, 0.02mM NADH and 1 unit of 
muscle lactic dehydrogenase. In a number of experi- 
ments the pyruvate kinase activity was measured 
discontinuously by assaying the ATP produced. 
RESULTS 
Preparation of Pyruvate Kinase from Strain RI21 
The strain R121 bearing the altered enzyme was 
grown aerobically for 24 h in 2 1 of a medium con- 
taining yeast extract, peptone and glucose. 25 g of 
washed cells were suspended in 50 ml of a buffer con- 
taining 50 mM potassium phosphate, pH 7.4, 2 mM 
EDTA, 2 mM 2-mercaptoethanol, 2 mM phenyl- 
methanesulfonyl fluoride and 0.5 mM fructose 1,6- 
bisphosphate and the suspension passed through a 
French press. The broken cell suspension was centri- 
fuged in the cold at 10000 x g for 15 min yielding 
50 ml of supernatant. This was fractionated with solid 
(NH4)2S04 in the cold at pH 7.4 and the fraction 
precipitating between 30 % and 60 % saturation was 
taken up in 7 ml of a buffer containing 5 mM potas- 
sium phosphate, pH 7.4, 1 mM EDTA, 1 mM 2- 
mercaptoethanol and 0.5 mM fructose 1,6-bisphos- 
phate in 25 % glycerol ; the enzyme solution was freed 
of (NH4)2S04 by passing it through a column of 
Sephadex G25 equilibrated with the same buffer. The 
filtered enzyme solution was adsorbed on a DEAE- 
cellulose column (100 ml packed volume) prepared 
in the same buffer at pH 7.4, washed with 200 ml of 
this buffer, and the pyruvate kinase eluted with a 
linear gradient of 2 x 250 ml of 0 to 0.3 M KCl in the 
buffer containing 25 % glycerol and 0.5 mM fructose 
1,6-bisphosphate. The peak of enzyme activity was 
eluted at 166 mM KCl. Pyruvate kinase was pre- 
cipitated from the pooled eluate (60 ml) with 
(NH4)2S04, the fraction precipitating between 40 % 
and 80% saturation having the bulk of the enzyme 
activity. The precipitated enzyme was dissolved in a 
buffer at pH 7.5 containing 50 mM Tris, 1 mM EDTA, 
1 mM 2-mercaptoethanol, 0.5 mM fructose 1,6-bis- 
phosphate and 25% glycerol. The enzyme solution 
(2.2 ml) was freed from (NH4)2S04 by gel filtration 
on Sephadex G25 equilibrated in Tris-glycerol buffer 
at pH 7.5 and the salt-free enzyme was adsorbed on a 
Table 1. Purifi’cation of pyruvate kinase from mutant yeast R121 
Fraction Total Total Specific 
activity protein activity 
unitslmg 
protein 
units mg 
Crude extract 730 910 0.8 
30 - 60 ”/, (NH4)2S04 pre- 
DEAE-cellulose fraction 374 29 12.9 
DEAE-Sephadex fraction 240 3.9 61.5 
cipitate 840 406 2.3 
column of DEAE-Sephadex A50 (20ml column 
volume) previously equilibrated with the same Tris- 
glycerol buffer containing 0.5 mM fructose 1,6-bis- 
phosphate. A linear gradient of 0 to 0.3 M KCI in 
2 x 100 ml of Tris/glycerol/fructose 1,6-bisphosphate 
buffer was used to elute the enzyme. Maximal activity 
of pyruvate kinase was eluted when the column be- 
came 160 mM with respect to KCl. The enzyme was 
precipitated from the pooled eluate (25 ml) as a frac- 
tion precipitating between 35 % and 80 % saturation 
of (NH4)2S04. This was dissolved in a minimum 
volume of the same buffer as the one used for the 
first DEAE-cellulose chromatography and stored in 
the refrigerator. Table 1 gives a summary of the 
purification procedure. The enzyme preparation was 
substantially free from enolase, aldolase, NADH 
oxidase, ATPase and adenylate kinase. Electrophoresis 
of the purified enzyme in polyacrylamide gel and 
subsequent visualisation of the enzyme band by 
staining for the reaction product ATP using phospho- 
enolpyruvate, ATP-free ADP, Mg2+, K +  , glucose, 
purified yeast hexokinase, glucose-6-phosphate dehy- 
drogenase, NADP, phenazine methosulphate and 
nitroblue tetrazolium, as indicated earlier for the 
staining of hexokinase [ 6 ] ,  showed a single band of 
pyruvate kinase activity near the cathodal end. Be- 
sides, a single, substantially symmetrical peak of 
enzyme activity was obtained during the chromatogra- 
phic procedures. 
Wild-Type Pyruvate Kinase 
The mutant enzyme was compared to a prepara- 
tion of pyruvate kinase from the wild type S. cerevisiae 
in respect of a number of properties. For this, the wild- 
type strain was grown up in yeast extract/peptone/ 
glucose medium, the cells from the stationary phase 
were broken in a French pressure cell in a buffer con- 
taining 25 % glycerol, 50 mM potassium phosphate, 
pH 7.4, 2 mM 2-mercaptoethanol, 2 mM EDTA and 
2 mM phenylmethanesulfonyl fluoride. The bulk of 
pyruvate kinase activity was precipitated from the 
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supernatant by adding 30 g of solid (NH4)2S04 per 
100ml of the extract. The precipitated enzyme was 
dissolved in a buffer containing 25 % glycerol, 10 mM 
potassium phosphate, pH 7.4, 2 mM 2-mercapto- 
ethanol and 2 m M  EDTA and the (NH4)2S04 re- 
moved by gel filtration on a column of Sephadex G25. 
The salt-free enzyme solution was stirred up for 1 h 
at 25 "C with 2 volumes of a DEAE-cellulose slurry 
in the same buffer; the suspension was centrifuged 
and pyruvate kinase which was not adsorbed by 
DEAE-cellulose under these conditions was precipi- 
tated with (NH4)2S04. The precipitated enzyme had 
a specific activity of 40 units per mg protein and this 
was used without any further purification. 
PROPERTIES OF THE ALTERED PYRUVATE KINASE 
Kinetic Properties 
Unlike pyruvate kinase from wild-type yeast [l 1, 
the enzyme from the mutant was active in absence 
of any added fructose 1,6-bisphosphate irrespective 
of whether seen in toluene lysates, crude extracts or 
in purified preparations. Addition of this substance 
had no effect on the reaction velocity over the range 
1 pM to 10 mM at all concentrations of phospho- 
enolpyruvate or ADP examined. The enzyme dis- 
played hyperbolic kinetics with respect to both these 
substrates. Results in Fig. 1 show that the reciprocal 
plots are linear and the affinity of the enzyme for 
either of the substrates is independent of the concen- 
tration of the other over a 20-fold range of concen- 
tration of the fixed substrate. The K, values for phos- 
phoenolpyruvate and ADP are 0.1 1 and 0.12 mM re- 
spectively. The presence of ATP in the reaction mix- 
ture increases the K, values for both the substrates. 
However, ATP inhibition is overcome by increase in 
the concentration of either ADP or phosphoenol- 
pyruvate, as shown in Fig.2. ATP thus behaves as a 
competitive inhibitor of pyruvate kinase from the 
mutant. 
The presence of monovalent cations is essential 
for the activity of pyruvate kinase from several 
sources [7], potassium being the most effective. Pyru- 
vate kinase from wild type yeast is activated by Kf 
or NH2 ions, smaller concentrations being required 
in the presence of the allosteric activator fructose 1,6- 
bisphosphate [l, 81. When such experiments were 
performed with the enzyme from the mutant R121, 
no dependence of K +  requirement on the presence of 
fructose 1,6-bisphosphate was seen. The activation 
by K +  or NH2 ions of the mutant pyruvate kinase 
followed essentially Michaelis-Menten relationship 
(Fig.3). The only effector found to have a positive 
homotropic effect on the catalytic activity of this 
enzyme was Mg2 + ion. Results in Fig. 4 illustrate this. 
The inset represents a Hill plot with MgC12 as a vari- 
able. The value of the Hill coefficient of interaction 
o 20 40 60 ao 100 120 140 
1/ [P-Pyruvate] (mM-') 
Fig. 1. Double-reciprocal plots to show the e j f tc t  of ADP and phos- 
phoenolpyruvate concentrations on the reaction velocity of pyruvate 
kinase from the mutant R121. u,  reaction velocity in arbitrary fluo- 
rescence units; P-pyruvate, phosphoenolpyruvate. The upper curve 
shows the double-reciprocal plots with ADP as the variable sub- 
strate with the respective concentrations of phosphoenolpyruvate 
in mM shown against each of the three plots. The lower curve 
shows the variation of the initial velocity as a function of the 
phosphoenolpyruvate concentrations; the number against each 
line shows the fixed concentration of ADP in mM. The amounts 
of pyruvate kinase used in each assay were in the range of 0.025 
to 0.05 unit. Assay conditions are as described in Materials and 
Methods 
was 1.6 irrespective of whether fructose 1,6-bisphos- 
phate was present. However, we have not determined 
whether the chelation of Mg2+ ion by ADP was re- 
sponsible for the deviation of the Hill coefficient from 
unity. 
Fig. 5 depicts the pH-profile of the pyruvate kinase 
activity from the mutant R121 at two concentrations 
of phosphoenolpyruvate, one at approximately the 
concentration giving the half-maximal velocity, and 
the other at nearly 20-fold higher concentration. The 
assay was first order with respect to the amount of 
enzyme over the entire range of pH. The optimum 
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Fig. 2. Competitive inhibition of’pyruvate kinase by ATP. The con- 
centrations of the fixed substrates in the experiments described 
in the upper and lower panels respectively were phosphoenol- 
pyruvate (P-pyruvate) 0.2 mM and ADP 0.27 mM. Other details 
are as in Fig.l. (A) 5mM ATP; ( x )  2mM ATP; (0) OmM 
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Fig. 3. Dependence of pyruvate kinase activity from mutant RI21 on 
monovalent cations. Reaction mixtures contained 20 mM tetra- 
methylammonium maleate buffer, pH 6.5, 5 mM MgClz, 0.03 mM 
NADH, 1 mM each of phosphoenolpyruvate and ADP, obtained 
by neutralising the free acids with (CH&NOH and 1 unit of 
lactic dehydrogenase dialysed against tetramethylammonium male- 
ate buffer. The inset is a double-reciprocal plot; v and [ S ]  are the 
initial reaction velocity and the salt concentration respectively 
uf-J++--J 
0 2 4 20 50 
Fig. 4. Relationship between the initial reaction velocity of’ mutant 
pyruvate kinase and MgCl2 concentration. Reaction mixtures con- 
tained 50 mM Tris buffer, pH 7.5, 100 mM KCI, 1 mM each of 
ADP and phosphoenolpyruvate, 0.03 mM NADH, 1 unit of lactic 
dehydrogenase and varying concentrations of MgClz indicated. 
The inset describes a Hill plot. u, observed velocity; V ,  maximum 
velocity (at 5 mM MgC12) and n, slope of the Hill plot 
[MgCld  (mM) 
1.8mM 
P-Pyruvate 
01 I I I 
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Fig. 5. pHprofile of mutant pyruvate kinuse activity. 50 m M  potas- 
sium phosphate was used over the entire pH range using two differ- 
ent concentrations of phosphoenolpyruvate (P-pyruvate), 0.1 and 
1.8 mM. Other details are the same as described under Materials 
and Methods 
activity is observed at pH 6.5;  the ratio of the velocities 
at the two concentrations of the substrate remains 
nearly constant over the range of pH studied. Fructose 
1,6-bisphosphate was without any effect on the activity 
of pyruvate kinase at any pH value using either of 
the two concentrations of phosphoenolpyruvate. 
Stability of the Enzyme 
Kuczenski and Suelter [9,10] had reported on the 
destabilising effect on yeast pyruvate kinase of its 
allosteric activator fructose 1,6-bisphosphate. This 
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Fig. 6. Ej'hct offructose 1,6-bispl~osphute on cold lability ofpyruvate 
kinase from yeast mutant. The stock enzyme from the mutant 
was freed from glycerol and fructose 1,6-bisphosphate by passing 
through a column of Sephadex G25 equilibrated with a buffer 
containing 50 mM potassium phosphate, pH 7.4, 2-mercapto- 
ethanol and 2 mM EDTA. The same buffer was used for eluting 
the enzyme. The enzyme from the wild type was treated similarly. 
Fructose 1,6-bisphosphate, when present, was at a concentration 
of 2 mM. Results are plotted as the fraction of initial activity in a 
logarithmic scale and time on linear scale. Assay conditions are 
described under Materials and Methods. Fructose 1,6-bisphos- 
phate was omitted from the assay mixture for the mutant enzyme. 
(0) Mutant + fructose 1,6-bisphosphate; (A) wild type, no fructose 
1,6-bisphosphate; (A) wild-type + fructose 1,6-bisphosphate; 
(0) mutant, no fructose 1,6-bisphosphate 
substance was found to promote the inactivation of 
the wild-type enzyme at 0 "C as also at 23 "C. The 
mutant enzyme in contrast, did not require this 
metabolite for its activity, but in the absence of glycerol 
it was dependent on fructose 1,6-bisphosphate for 
maintaining itself in the catalytically active configura- 
tion. This protective effect of fructose 1,6-bisphos- 
phate was distinct from its well-known activating effect 
on the enzyme reaction since the unprotected enzyme 
was fully active in its absence. High concentrations 
of glycerol or sucrose were just as effective in stabilising 
the enzyme. Protection against cold-lability was also 
afforded by a mixture of 5 mM Mg2+ and potassium 
phosphate (10 mM or higher). Results in Fig.6 illu- 
strate the effects of fructose 1,6-bisphosphate on the 
stability of the enzymes from the mutant and from 
the wild type in the cold. This metabolite confers 
instability on the enzyme from the wild type, but 
affords protection on the mutant enzyme; however, 
it cannot reactivate an enzyme preparation that has 
already undergone inactivation. 
The protection offered by varying concentrations 
of fructose 1,6-bisphosphate on the mutant pyruvate 
0 4 a 12 
[Fructose 1,6-p2] (pM) 
Fig. 7. Effect of fructose 1,6-bisphosphute on the inactivution of 
mutant pyruvate kinase. The first-order inactivation constant for 
the faster decaying component at each concentration of fructose 
1,6-bisphosphate (fructose 1,6-P2) was calculated in units of 
reciprocal h. Details are in text 
kinase was examined at 25°C. The enzyme was 
rendered free of this metabolite by gel filtration on 
Sephadex G25 using a buffer containing 25 % glycerol; 
at zero time the enzyme was diluted 50-fold in 50 mM 
potassium phosphate buffer, 2 mM 2-mercapto- 
ethanol, 2 mM EDTA and varying concentrations 
of fructose 1,6-bisphosphate to obtain an initial con; 
centration of nearly 0.2 unit pyruvate kinase per ml. 
Aliquots were assayed for the enzyme activity as in- 
cubation was continued at 25 "C. The inactivation 
was biphasic; however, the rapid component of in- 
activation followed a single exponential curve. The 
first-order rate constant of rapid inactivation at each 
concentration of the protective agent, fructose 1,6- 
bisphosphate was plotted against its corresponding 
concentration (Fig. 7) by the method of Frieden [l l] .  
Intrapolation from this curve for the concentration 
of fructose 1,6-bisphosphate at which the rate con- 
stant for rapid inactivation becomes half of that seen 
in absence of its protector gave the dissociation con- 
stant of the enzyme-fructose 1,6-bisphosphate com- 
plex. This was found to be 2.5 pM fructose 1,6- 
bisphosphate. 
The stabilising effect of fructose 1,6-bisphosphate 
on the pyruvate kinase from the yeast mutant was 
observed also at higher temperatures. Results in 
Table 2 indicate that fructose 1,6-bisphosphate offers 
a remarkable protection to thermal inactivation of 
pyruvate kinase from the mutant, while having no 
effect on the enzyme from the wild type. 
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Table 2. Effect of fructose 1,6-bisphosphate on the heat stability of 
yeast pyruvate kinase 
The enzyme preparations obtained as described in Materials and 
Methods were diluted in a buffer containing 50 mM potassium 
phosphate, pH 7.4, 2 mM 2-mercaptoethanol, 2 mM EDTA and 
1 mg bovine serum albumin per ml. Diluted enzyme solutions were 
heated at 53 "C for periods varying from 10 s to 45 min, chilled 
in melting ice and assayed immediately thereafter. Inactivation was 
exponential in all the cases. Numbers refer to half-life ( t l j J  of 
the enzyme activity at 53 "C in min 
Additions Half-life of pyruvate 
kinase from 
mutant R121 wild type 
min 
No fructose 1,6-bisphosphate 0.5 3.5 
1 mM fructose 1,6-bisphosphate 18 3.8 
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Fig. 8. Sedimentation in a sucro~e gradient of pyruvate kinuse from 
the mutant and the wild type. A linear gradient of 5 to 20 % sucrose 
in 20 mM KC1 in 10 mM potassium phosphate, pH 7.4 was layered 
on the top with purified preparations of pyruvate kinase from the 
wild type (1.2 units) and the mutant R121 (2.8 units) together 
with the marker enzyme. Centrifugation was at 33000 rev./min at 
8 "C for 20 h in a SW39 rotor. Enzyme activities were deter- 
mined in each of the 38 fractions collected after cenrtifugation. 
The direction of sedimentation was from right to left 
Sedimentation Charac ter is t ics 
Sedimentation velocity profile of the mutant pyru- 
vate kinase was determined in a sucrose density gradi- 
ent by the method of Martin and Ames [12]. Aldolase 
was used as the marker protein [13]. Results (Fig.8) 
10.00 
3.00 
E 
K2 100 
0 
c 
m 
m 
c m 
0 
v) n
Q 
.P 0.30 
0.10 
0 03 
0.01 I I 1 1 1 l I l I I  
1 2  3 4 5 6 7 8 9 10 
Time (days) 
Fig. 9. Kinetics of growth of the mutant R121 in minimal media 
containing alcohol or glucose. The mutant and the wild type were 
inoculated in a salt-vitamin medium and incubated in shaken 
flasks at 30 "C. Absorbance at 650 nm was measured after suitable 
dilution to follow the cell density. (0-0) Mutant grown on 
glucose, doubling period 3 . 2 h ;  ( x ---- x ) wild type grown on 
glucose, doubling time 6 . 8 h; (A----A) wild-type grown on al- 
cohol, doubling time 3 3 ' 8  h ;  (.---a) mutant grown on alcohol, 
doubling time 8 . 8 h 
show that both the enzymes from the mutant and the 
wild type had nearly the same sedimentation coeffi- 
cient of 8.9 S and 8.6 S respectively. The ~ 2 0 , ~  value
for the mutant enzyme was not perceptibly altered 
when the sucrose gradient contained 1 mM fructose 
1,6-bisphosphate. 
Physiology of the Mutant 
Growth. The rate of synthesis of phosphoenol- 
pyruvate is said to determine the pace of gluconeo- 
genesis from amino acids and other carboxylic acid 
intermediates of the tricarboxylic acid cycle [14]. In 
S. cerevisiae the activating effect of fructose 1,6-bis- 
phosphate on pyruvate kinase is considered as an 
essential feature of gluconeogenesis [4], since during 
growth on substances such as ethanol the low steady- 
state concentration of fructose 1,6-bisphosphate [15] 
keeps this enzyme practically inactive, thus sparing 
phosphoenolpyruvate for gluconeogenic flux. The loss 
of this control of pyruvate kinase in the mutant R121 
offered an occasion to examine the ability of this 
strain to grow on gluconeogenic carbon sources. A 
salt-vitamin medium described earlier [ 161 was chosen, 
omitting the yeast extract supplement. Results shown 
in Fig.9 indicate that the mutant grows on glucose 
as also on alcohol somewhat faster than the wild type, 
P. K. Maitra and 2. Lob0 
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Fig. 10. Time-course oj several phosphorylured glycolytic inter- 
mediates during uerobic glycolysis of the yeast mutant. Washed 
suspensions of the mutant R121 (102mg wet cells/ml) and the 
wild type (78 mg wet cells/ml) in 50 mM potassium phosphate 
buffer were bubbled with a mixture of 95% 0 2  and 5 %  COZ and 
at zero time were treated with 10 mM glucose. Reaction in aliquots 
was quenched in 5% perchloric acid and metabolites assayed 
fluorometrically as described in Materials and Methods. (A) Phos- 
phoenolpyruvate; (B) fructose 1,6-bisphosphate; (C) adenosine 
triphosphate. (O----o) Wild type; ( x  -x) mutant 
although there is a considerable lag period before the 
exponential growth of the mutant ensues in media 
containing alcohol as the sole carbon source. This lag 
period could be reduced but could not be abolished 
altogether by prior growth in minimal media. The 
mutant also grew on the defined medium containing 
L-malate as the sole source of carbon. When pyruvate 
kinase activity was examined in cells collected either 
from the logarithmic or the stationary phase of 
growth of the mutant in alcohol medium, no require- 
ment for fructose 1,6-bisphosphate in the catalytic 
reaction could be seen, suggesting that no selection oc- 
curred during the lag period. Such experiments also in- 
dicated that when the mutant was growing on alcohol, 
no inactivation of pyruvate kinase took place intra- 
cellularly by virtue of, for example, a low steady- 
state level of fructose 1,6-bisphosphate. 
Intracellulur Metabolite Concentrations. The ability 
of the mutant R121 to grow on ethyl alcohol as a 
sole carbon source suggested that the mutant was 
able to divert phosphoenolpyruvate towards gluco- 
neogenesis despite the presence of active pyruvate 
kinase. The intracellular levels of phosphoenolpyruvate 
was measured in cell suspensions metabolising glu- 
cose aerobically. The results (Fig.10) show that the 
level of phosphoenolpyruvate in the mutant is nearly 
half of that in the wild type. However, glucose addition 
caused no change in its steady-state level, while in the 
wild type the level was inversely correlated with the 
concentration of fructose 1,6-bisphosphate that rose 
on the addition of glucose. Generally the metabolic 
transition brought about by glucose was rather feeble 
in the mutant; its rate of glucose utilisation (2.7 pmol 
glucose x min-' x g cells-') also was nearly a third 
of that of the wild type. 
DISCUSSION 
The mutant pyruvate kinase described here differs 
from the wild type enzyme in respect of a number of 
distinctive features, the most notable one being the 
loss of allosteric properties and the attendant lack 
of activating effect of fructose 1,6-bisphosphate on 
the catalytic activity. We have failed to observe any 
stimulatory effect of this substance on the catalytic 
reaction at acidic or alkaline side of its pH optimum 
using either low or high concentrations of either of 
the reactants, phosphoenolpyruvate or ADP, or of 
K +  ion. For each of these substances the enzyme 
displayed hyperbolic kinetics. The complex pH- 
velocity relationship of the wild-type enzyme [I, 81 
was also transformed into that of an enzyme obeying 
typical Michaelis kinetics. The intersecting double- 
reciprocal plots for both the substrates and the com- 
petitive interaction of ATP with both ADP as also 
phosphoenolpyruvate for the mutant enzyme are very 
similar to the kinetic characteristics of muscle pyru- 
vate kinase studied earlier by Reynard et a/. [17]. 
The other characteristic feature of the mutant 
enzyme is in regard to the protective action of fructose 
1,6-bisphosphate against spontaneous inactivation at 
low and high temperatures. Pyruvate kinase from the 
wild-type yeast has been shown by Kuczenski and 
Suelter [9,10] to be labilised by this substance at 
substantially low concentrations. The dissociation 
constant of enzyme-fructose 1,6-bisphosphate com- 
plex was found to be nearly 60 pM. The enzyme 
from the mutant, in contrast, was found to be pro- 
tected by this metabolite against inactivation at low 
as also at high temperatures. The concentration of 
fructose 1,6-bisphosphate providing half-maximal pro- 
tection at 25 "C was 2.5 pM. It is not known whether 
the catalytic and the destabilising effects of fructose 
1,6-bisphosphate are brought about by interaction 
with the same or different sites on the wild-type pyru- 
vate kinase [9]. The present data with the mutant 
enzyme do not seem to shed any light on this question. 
Apart from the fact that the effects of fructose 1,6- 
bisphosphate on the stability properties of the two 
enzymes are qualitatively dissimilar, the higher asso- 
ciation constant of this substance with the mutant 
pyruvate kinase than with the enzyme from the wild 
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type is unlikely to be brought about by a random 
mutational event. 
The full activity of the enzyme in the absence of 
any externally added fructose 1,6-bisphosphate sug- 
gested the possibility that this compound was already 
present on the enzyme in a tightly bound state such 
that gel filtration or extensive dialysis failed to bring 
about dissociation. 1 mg of the purified enzyme of 
specific activity 60 units per mg protein was treated 
with 5 % HC104 and the neutralised supernatant 
tested fluorometrically for the presence of fructose 
1,6-bisphosphate. Such experiments showed that 1 mg 
of the enzyme had less than 0.1 nmol of fructose 1,6- 
bisphosphate. Assuming the enzyme to be of 25% 
purity, the fructose 1,6-bisphosphate content of the 
enzyme is less than 0.1 mol per mol enzyme. It is un- 
likely therefore that the mutant pyruvate kinase had 
any tightly bound fructose 1,6-bisphosphate. 
It must be remembered that the mutant R121 was 
isolated from the wild-type strain by a two-step selec- 
tion procedure. The primary mutant PK3 could be 
reverted spontaneously to give glucose-positive re- 
vertants with a wide spectrum of stability of their 
pyruvate kinase. This suggested that PK3 might have 
had a structurally defective pyruvate kinase. All such 
revertants examined required fructose 1,6-bisphos- 
phate for catalytic activity except the strain R121. 
This strain, like the other glucose-positive revertants, 
is thus likely to carry a second corrective mutation 
leading to a catalytically active pyruvate kinase. The 
strain R121, defective in anaerobic growth on sugars, 
can be spontaneously reverted for this character on 
fructose, yielding further single-step revertants all 
of which have allosteric pyruvate kinase that cannot 
be distinguished from the wild-type enzyme in their 
requirement for fructose 1,6-bisphosphate and thermal 
stability. A single mutational alteration in R121 is 
thus able to change its pyruvate kinase to a form 
qualitatively indistinguishable from the wild-type 
enzyme. 
The ability of the mutant R121 to grow on de- 
fined media containing gluconeogenic precursors such 
as ethanol or malate as the sole source of carbon was 
unexpected. The activity of phosphoenolpyruvate 
carboxykinase, presumably the only enzyme respon- 
sible for the synthesis of phosphoenolpyruvate from 
tricarboxylic acids in yeast is definitely much lower 
than that of pyruvate kinase [18]. Since the pyruvate 
kinase in this strain is not subject to the normal con- 
trol by fructose 1,6-bisphosphate, the observed steady 
state level of phosphoenolpyruvate in cells grown in 
either glucose or alcohol (0.2 to 0.3 pmol per g wet 
weight) indicates mechanisms that prevent its abortive 
conversion to pyruvate. A number of compounds was 
examined for their possible inhibitory effect on the 
mutant pyruvate kinase activity; acetyl CoA 
(0.02 mM), CoA (0.2 mM), glyoxylate (2 mM), L- 
malate ( 3  mM), L-alanine (4 mM) and L-aspartate 
(10mM) were all found to be without effect. The 
only compound found to inhibit the enzyme activity 
was ATP. However, the steady-state intracellular con- 
centration of this substance and those of phospho- 
enolpyruvate and ADP do not indicate a strong in- 
hibition of pyruvate kinase activity in vivo. This 
implies that other control parameters must operate 
in the cell that maintain the level of phosphoenol- 
pyruvate sufficient for gluconeogenesis. 
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